Signaling and regulation of the G Protein-Coupled Receptors (GPCRs), also known as the seven transmembrane receptors (7TMRs), are critically regulated by β-arrestins (βarrs)[@R1]. Majority of βarr functions in the context of GPCR regulation and signaling are mediated primarily by their scaffolding abilities of various interaction partners[@R2],[@R3]. For example, βarrs scaffold clathrin heavy chain and β2 adaptin subunit of the AP2 complex to promote agonist-induced GPCR endocytosis[@R4],[@R5]. Similarly, βarrs nucleate various components of MAP kinase cascade to facilitate G protein independent signaling[@R3],[@R6],[@R7]. Conventionally, siRNA and gene knock-out approaches have been used to dissect specific contributions of βarrs in GPCR functions[@R8],[@R9]. However, it remains unexplored whether selective βarr functions can be targeted with biochemical tools that allosterically modulate their scaffolding abilities or directly target their interaction interfaces. Unlike suppression of all βarr functions by gene knock-down or knock-out approaches that deplete the entire protein, selective targeting of βarr functions is likely to offer a unique handle on dissecting the fine modalities of GPCR-βarr signaling axis. Biochemical studies have revealed that βarrs scaffold many of their interaction partners through non-overlapping interaction interfaces ([Fig. 1a](#F1){ref-type="fig"})[@R10]--[@R18]. Therefore, we envisioned that targeted disruption of selective interaction interfaces or allosteric modulation of specific βarr interactions can be leveraged to influence specific βarr-dependent GPCR functions. Accordingly, we set out to generate and evaluate antibody fragments targeting different conformations and binding interfaces of βarrs to modulate two major βarr interactions namely, clathrin and ERK2, and corresponding functional outcomes i.e. agonist-induced GPCR endocytosis and ERK MAP kinase activation.

Fab30 selectively enhances βarr1-ERK2 interaction {#S1}
=================================================

We first tested a previously described antibody fragment, referred to as Fab30, that selectively recognizes and stabilizes an active βarr1 conformation induced by the binding of a phosphorylated peptide (referred to as V~2~Rpp) corresponding to the carboxyl terminus of the human vasopressin receptor (V~2~R)[@R19]. As the epitope of Fab30 does not directly overlap with clathrin or ERK2 binding regions on βarr1, we reasoned that it may be a good candidate to evaluate as an allosteric modulator of βarr1 interactions with clathrin and ERK2. We first confirmed the selectivity of Fab30 for V~2~Rpp-bound βarr1 conformation ([Fig. 1b](#F1){ref-type="fig"}), and then tested its effect on βarr1-ERK2/clathrin interactions. The interaction of βarrs with clathrin is substantially enhanced by the presence of V~2~Rpp while their interaction with ERK2 does not change significantly by V~2~Rpp[@R20]--[@R22]. Therefore, to maintain similar experimental conditions, we used V~2~Rpp-bound βarr1 in this experiment as well as in subsequent experiments measuring the effect of Fabs on different βarr interactions. As presented in [Fig. 1c](#F1){ref-type="fig"} and [Supplementary Fig. 1](#SD3){ref-type="supplementary-material"}, pre-incubation of βarr1 with Fab30 resulted in a significant potentiation of βarr1-ERK2 interaction while a control Fab (Fab-CTL) that does not interact with βarr1 had no significant effect. Furthermore, Fab30 also exhibited similar potentiation of βarr1-pERK2 (active ERK2) interaction ([Fig. 1d](#F1){ref-type="fig"}). Interestingly however, Fab30 did not alter the interaction between βarr1 and clathrin in the same experimental set-up ([Fig. 1e](#F1){ref-type="fig"}). These findings provide the proof-of-principle evidence suggesting that allosteric modulation of selective βarr interactions is possible by antibody fragments targeting βarrs.

Fab5 selectively disrupts βarr2-clathrin interaction {#S2}
====================================================

Inspired by these observations, we set out to select additional Fabs targeting βarrs in an attempt to identify additional modulators of βarr interactions. There are two isoforms of βarrs (βarr1 and 2; also referred to as arrestin 2 and 3, respectively) that have overall very similar three-dimensional structures[@R23],[@R24]. βarr1 and 2 share many functions although recent studies have also identified a significant functional divergence of the two isoforms in the context of GPCR signaling and regulation[@R25]. We used a previously described phage display library[@R26] of Fabs to select specific binders against βarr1 and 2 following previously published protocols[@R27],[@R28] ([Fig. 2a](#F2){ref-type="fig"}). In addition to those binding to βarr1 and 2, we also selected Fabs against V~2~Rpp-βarr1-Fab30 complex in order to isolate additional Fabs that can recognize active βarr1 conformation and bind to a βarr1 interface that is distinct from that of Fab30. A list of different Fabs generated and characterized in this study is presented in the [Supplementary Table 1](#SD3){ref-type="supplementary-material"}.

From the set of new Fabs selected against V~2~Rpp-βarr1-Fab30 complex, we observed that several Fabs specifically recognized V~2~Rpp-bound βarr1 conformation, similar to Fab30 ([Fig. 2b](#F2){ref-type="fig"}, left panel and [Supplementary Fig. 2a](#SD3){ref-type="supplementary-material"}). One of these Fabs, referred to as Fab12, significantly potentiated both, βarr1-clathrin and βarr1-ERK2 interactions ([Fig. 2b](#F2){ref-type="fig"}, right panel and [Supplementary Fig. 2b](#SD3){ref-type="supplementary-material"}). From the set of Fabs selected against βarr1, two of them selectively recognized βarr1 over βarr2 ([Fig. 2c](#F2){ref-type="fig"}, left panel and [Supplementary Fig. 3a](#SD3){ref-type="supplementary-material"}). One of these Fabs, referred to as Fab9, robustly potentiated βarr1-ERK2 interaction without affecting βarr1-clathrin binding ([Fig. 2c](#F2){ref-type="fig"}, right panel). Finally, our phage display selection on βarr2 also yielded several Fabs that displayed striking selectivity for βarr2 over βarr1 ([Fig. 2d](#F2){ref-type="fig"} and [Supplementary Fig. 4a-e](#SD3){ref-type="supplementary-material"}. Most interestingly, one of these Fabs, referred to as Fab5, robustly inhibited βarr2-clathrin interaction ([Fig. 2e](#F2){ref-type="fig"}) without significantly affecting the binding of βarr2 with ERK2 or phophso-ERK2 ([Fig. 2f](#F2){ref-type="fig"}). These findings with Fab5 demonstrate the feasibility of selectively inhibiting specific βarr interactions with antibody fragments. It also raises the possibility that Fab5, as an intrabody, might be an inhibitor of the endocytosis of those GPCRs that utilize βarr-clathrin interaction as a key driving force for their internalization. Therefore, we focused on investigating the effect of Fab5 based intrabody on agonist-induced GPCR internalization.

Fab5 maintains its functionality as an intrabody {#S3}
================================================

Cytoplasmic milieu of mammalian cells is reducing in nature while functional assembly of Fabs requires the formation of disulphide bonds. Therefore, we decided to express the single chain version of Fab5, referred to as ScFv5, as an intrabody in cellular context for evaluating its effect on GPCR endocytosis. Before that, we tested and confirmed the ability of ScFv5 to maintain its binding and selectivity for βarr2 ([Fig. 3a-b](#F3){ref-type="fig"}, [Supplementary Fig. 6a](#SD3){ref-type="supplementary-material"}), and its ability to specifically inhibit βarr2-clathrin interaction, similar to Fab5 ([Fig. 3c](#F3){ref-type="fig"}). To further confirm the selectivity of ScFv5 for βarr2-clathrin interaction, we also measured its effect on βarr2-β2 adaptin and βarr2-JNK3 interactions. We observed that ScFv5 had a small inhibitory effect on the βarr2-β2 adaptin and βarr2-JNK3 interactions at higher concentrations but it was not as robust as its effect on the βarr2-clathrin interaction ([Supplementary Fig. 5](#SD3){ref-type="supplementary-material"}).

Furthermore, in order to gain a mechanistic insight into the ability of ScFv5 to inhibit βarr2-clathrin interaction, we mapped its interaction interface on βarr2 using a series of truncated βarr2 constructs. We observed that the distal carboxyl terminus of βarr2 was a key binding site for ScFv5 but the N-domain of βarr2 was also required for binding ([Fig. 3d](#F3){ref-type="fig"}). As the clathrin binding interface is localized primarily to the distal carboxyl terminus of βarrs[@R29], this observation suggests that the inhibition of βarr2-clathrin interaction by ScFv5 is likely to be due primarily to a direct competition between ScFv5 and clathrin for a binding interface on βarr2. Nevertheless, the requirement of the N-domain of βarr2, which is away from the clathrin binding site, also suggests that ScFv5 mediated inhibition of βarr2-clathrin interaction is, at least in part, regulated in allosteric fashion as well.

In order to validate the functionality of ScFv5 as an intrabody, we expressed it in HEK-293 cells as HA-tagged and YFP-tagged constructs. We measured the ability of ScFv5 intrabody to immunoprecipitate βarr2 and its overall cellular distribution. We observed that ScFv5 as an intrabody robustly immunoprecipitated βarr2 ([Fig. 3e](#F3){ref-type="fig"}) which confirms its functionality. We also found that that ScFv5-YFP was evenly distributed in the cytoplasm, very similar to the basal distribution of βarr2-mCherry ([Supplementary Fig. 6b](#SD3){ref-type="supplementary-material"}).

Intrabody 5 selectively inhibits V~2~R endocytosis {#S4}
==================================================

In order to evaluate the effect of ScFv5 intrabody on GPCR endocytosis, we first used the human vasopressin receptor (V~2~R) as a prototypical GPCR. A prerequisite for ScFv5 intrabody to potentially inhibit GPCR endocytosis would be that it should not interfere with receptor-βarr2 interaction. Therefore, we first tested agonist-dependent interaction of V~2~R and βarr2 in the presence of ScFv5. We observed that in HEK-293 cells expressing V~2~R, βarr2-mCherry and ScFv5 (as intrabody), βarr2-mCherry was recruited to the plasma membrane upon agonist stimulation (within 2-5 min) ([Fig. 3f](#F3){ref-type="fig"}), and interestingly, ScFv5 was also colocalized with βarr2 at the plasma membrane ([Fig. 3f](#F3){ref-type="fig"}). We also carried out a coimmunoprecipitation experiment which also revealed that ScFv5 did not affect βarr2 interaction with V~2~R upon agonist stimulation ([Fig. 3g](#F3){ref-type="fig"}). Moreover, we also observed that ScFv5 exhibited robust interaction with V~2~Rpp-bound βarr2, at slightly higher levels than basal conformation of βarr2, further confirming its ability to recognize activated βarr2 conformation ([Supplementary Fig. 7](#SD3){ref-type="supplementary-material"}). Under basal condition, the carboxyl terminus of βarrs is tethered in the N-domain through a set of specific interactions, and binding of GPCRs results in the release of the carboxyl terminus. This exposes the primary clathrin binding site located in the carboxyl terminus of βarrs resulting in binding of clathrin and subsequent receptor internalization. The enhancement in the interaction of ScFv5 with βarr2 in the presence of V~2~Rpp suggests that the release of carboxyl terminus is not only compatible but also favorable for ScFv5 binding. This also explains how ScFv5 as an intrabody is able to occupy receptor-bound βarr2 and thereby preclude the interaction of clathrin resulting in the inhibition of receptor endocytosis. Taken together, these data establish that ScFv5 does not interfere with V~2~R-βarr2 interaction and it can interact with receptor-bound βarr2 conformation.

Next, we measured agonist-induced V~2~R endocytosis in HEK-293 cells expressing ScFv5 as an intrabody. As presented in [Fig. 4a](#F4){ref-type="fig"}, we observed a robust inhibition of V~2~R endocytosis by ScFv5 intrabody which is in line with its ability to inhibit βarr2-clathrin interaction. To further corroborate this finding and to directly visualize the effect of ScFv5 intrabody on V~2~R internalization, we next utilized the confocal microscopy approach. GPCRs can be categorized into two distinct subclasses referred to as class A and B with respect to βarr recruitment pattern[@R30]. While class A GPCRs such as β~2~ adrenergic receptor (β~2~AR) exhibit a transient interaction with βarrs and rapid recycling, class B GPCRs such as V~2~R display prolonged interaction with βarrs and endosomal co-localization with βarrs after agonist stimulation. As presented in [Fig. 4b](#F4){ref-type="fig"} (upper panel), confocal microscopy of cells expressing ScFv-CTL as intrabody revealed that βarr2-mCherry was recruited to the membrane at early time points of agonist stimulation (90-180 sec) and subsequently, after prolonged agonist exposure (600-1800 sec), it was localized to endosomal vesicles. Interestingly, in ScFv5 intrabody-expressing cells, βarr2-mCherry was targeted to the plasma membrane at early time points as anticipated, but the formation of endosomal vesicles was significantly attenuated ([Fig. 4b](#F4){ref-type="fig"}, lower panel and [Fig. 4c](#F4){ref-type="fig"}). In these cells, βarr2-mCherry remained localized at the plasma membrane together with ScFv5 ([Supplementary Fig. 8](#SD3){ref-type="supplementary-material"}). To further confirm these findings, we imaged multiple cells (\>100) at multiple Z-positions to cover the entire volume of the cells and quantified the puncta (i.e. endosomal vesicles representing internalized receptors) from ScFv-CTL and ScFv5 expressing cells. As presented in [Supplementary Fig. 9-12](#SD3){ref-type="supplementary-material"}, we observed robust inhibition of agonist-induced V~2~R internalization at all three time points that were tested. In some cells, we did observe the formation of a few βarr2 containing endosomal vesicles, however, they did not display colocalization with ScFv5 ([Supplementary Fig. 13](#SD3){ref-type="supplementary-material"}). This most likely arises either from a small population of βarr2 that escapes interaction with ScFv5 or due to the contribution of βarr1 in the endocytosis of V~2~R.

Intrabody 5 does not affect ERK MAP kinase activation {#S5}
=====================================================

In addition to endocytosis, βarrs can also mediate G protein independent ERK activation downstream of GPCRs. Therefore, we measured the effct of ScFv5 intrabody on agonist-induced ERK activation downstream of the V~2~R. Extensive biochemical studies have revealed that ERK activation downstream of GPCRs, including the V~2~R, is typically biphasic in nature. The first phase (0-5 min post-agonist stimulation) is mostly G protein dependent while the second phase (10-30 min post-agonist stimulation) is primarily mediated by βarrs[@R3],[@R31]. For some receptors however, such as M~3~ muscarinic receptor and the H~4~ histamine receptor, the prolonged phase of ERK activation is also mediated by G proteins[@R32],[@R33]. We observed that ScFv5 did not affect agonist-induced ERK activation either in the early phase ([Fig. 4d](#F4){ref-type="fig"}) or in the late phase ([Fig. 4e](#F4){ref-type="fig"}). This agrees well with the data presented in [Fig. 3c](#F3){ref-type="fig"} and [Fig. 2f](#F2){ref-type="fig"} that ScFv5/ Fab5 do not inhibit βarr2-ERK binding.

It has been suggested in the literature that the formation of receptor-βarr-ERK signalosomes on internalized vesicles drives the βarr-dependent phase of ERK activation for a number of GPCRs[@R34]--[@R36]. In other words, endocytosis and βarr-dependent ERK activation are thought to be linked with each other although some receptors do not follow this paradigm [@R37]--[@R40], [@R56]--[@R57]. Our data also demonstrate that V~2~R endocytosis and ERK activation can indeed be separated from each other, and therefore, it underscores the feasibility of selectively targeting βarr functions in the context of GPCR signaling and regulation using intrabody based approach.

Intrabody 5 is a generic inhibitor of GPCR endocytosis {#S6}
======================================================

The paradigm of βarr mediated clathrin dependent endocytosis is applicable to majority of GPCRs although some receptors exhibit βarr and clathrin independent endocytosis[@R5],[@R41]. Therefore, in order to test the generality of ScFv5 intrabody, we measured agonist-induced endocytosis of a broad set of receptors in the presence of ScFv5 intrabody. We observed that similar to V~2~R, ScFv5 intrabody efficiently inhibited endocytosis of the β2 adrenergic receptor (β~2~AR) ([Fig. 5a](#F5){ref-type="fig"}), the muscarinic receptor subtype 2 (M~2~R) ([Fig. 5b](#F5){ref-type="fig"}), the dopamine receptor subtypes 1, 2, 3 and 4 (D~1~R, D~2~R, D~3~R and D~4~R) ([Fig. 5c-f](#F5){ref-type="fig"}), the μ-opioid receptor (μOR) ([Fig. 5g](#F5){ref-type="fig"}), and a chimeric β~2~AR harboring the carboxyl terminus of V~2~R (β~2~V~2~R) ([Fig. 5h](#F5){ref-type="fig"}). Interestingly, similar to V~2~R, ScFv5 intrabody did not affect ERK activation for these receptors (lower panels in [Fig. 5a-f](#F5){ref-type="fig"} and [Supplementary Fig. 14](#SD3){ref-type="supplementary-material"}). As expected, ScFv5 intrabody did not influence the agonist-induced internalization of the human muscarinic receptor subtypes 1 and 4 (M~1~R and M~4~R) which undergo βarr independent endocytosis[@R42] ([Supplementary Fig. 15](#SD3){ref-type="supplementary-material"}). Furthermore, ScFv5 intrabody also did not alter the internalization of the human transferrin receptor 1 (Tfr1) in which undergoes βarr-independent but clathrin-dependent endocytosis ([Supplementary Fig. 16 and 17](#SD3){ref-type="supplementary-material"}).

As presented in [Fig. 5](#F5){ref-type="fig"}, we notice that ScFv5 inhibited the endocytosis of different receptors to varying extent. This perhaps results from differential dependence of endocytosis on βarr1 vs. 2 for different receptors because ScFv5 exclusively targets βarr2. For example, endocytosis of β~2~AR is mediated primarily by βarr2[@R8] while that of V~2~R can be mediated by βarr1 as well[@R43], and this difference leads to more efficient inhibition of β~2~AR endocytosis compared with V~2~R by ScFv5 intrabody. However, we can not rule out the stoichiometric expression levels of βarr2 and ScFv5 intrabody as a contributing factor to this difference. Nevertheless, these findings as a whole reveal that βarr-dependent ERK activation downstream of GPCRs can also be initiated from the plasma membrane without the formation of receptor-βarr-ERK signalosome on endosomal vesicles ([Fig. 5i](#F5){ref-type="fig"}).

ScFv5 intrabody as a unique tool for modulating GPCR functions {#S7}
==============================================================

Our approach offers a generic tool to selectively block GPCR endocytosis without affecting ERK activation because it targets an interface on a very well conserved effector (i.e. βarr2) that is distinct from the receptor-effector interaction interface. Previously, two different types of approaches, namely the dominant-negative mutants and the "minigene" constructs, have been used to selectively modulate βarr functions. For example, βarr1^V53D^ and βarr2^V54D^ mutants have been described as dominant-negative for disrupting βarr dependent GPCR endocytosis in numerous studies[@R5],[@R44]. Additional βarr mutants (e.g. βarr1^ΔLIELD^ and βarr1^F391A^) defective in clathrin/adaptin interaction have also been used as dominant-negative for GPCR endocytosis[@R45]. A βarr2 mutant, referred to as βarr2^KNC^, which harbors 12 single-point alanine substitutions at key receptor binding residues, acts as a dominant-negative for selectively inhibiting βarr-dependent JNK3 activation[@R46]. Along the same lines, βarr1^R307A^ which is deficient in binding c-Raf1 is able to act as a dominant-negative for ERK activation in cells[@R47]. Similarly, "minigene" fragments of βarr1 (e.g. residues 319-418) also act as a dominant-negative for receptor endocytosis[@R48]. More recently, a "minigene" fragment of βarr1 (residues 25-161) has been utilized elegantly to disrupt the interaction between βarr1 and STAM1 (signal transducing adaptor molecule 1)[@R49],[@R50]. βarr1-STAM1 interaction is essential for the auto-phosphorylation and activation of the focal adhesion kinase (FAK), and disrupting the βarr1-STAM1 interaction results in selective attenuation of CXCR4 mediated chemotaxis[@R50]. While these constructs are designed by modifying βarrs themselves, RNA aptamers against βarr2, a small molecule AP2 binder, synthetic peptides such as pepducins, and nanobodies targeting the intracellular surface of GPCRs have also been developed to alter some βarr-dependent signaling[@R51]--[@R54], [@R55]. Of these, pepducins and receptor-targeting nanobodies remain receptor specific, may not be selective for modulating specific βarr functions and some cases, simply inhibit receptor-βarr interactions.

Although dominant-negative mutants of βarrs are powerful tools for selective inhibition of some specific βarr functions, they might also create an overexpression based gain-of-function effect for other βarr functions. Our intrabody-based approach is not likely to have such a limitation although the extent of strict selectivity of a given intrabody for a specific βarr interaction should be carefully examined. It is important to note that in addition to mediating GPCR endocytosis and ERK MAP kinase activation, βarrs also direct agonist-induced receptor ubiquitination and signaling through other pathways such as JNK, Akt and c-Src[@R3]. A comprehensive profiling of entire set of βarr interactions in the presence of ScFv5 in the future should offer interesting insights into the independence and interdependence of various βarr interactions and functions. Furthermore, the conceptual framework applied here can be extended to disrupt other βarr interactions and functions in a selective fashion.

Conclusions {#S8}
===========

Taken together, our data establishes that the interactions of βarrs with their partners can be selectively targeted and allosterically modulated using synthetic antibody fragments. Unlike siRNA based conventional approach of gene knockdown that depletes βarrs and hence inhibits all βarr functions downstream of GPCRs, the intrabody based approach offers a unique handle for modulating selected GPCR functions with potential therapeutic implications. Finally, the ability of ScFv5 intrabody to selectively inhibit endocytosis of many GPCRs provides a novel experimental framework to fine-tune GPCR functions that can be extended not only to other GPCR effectors but likely also to other signaling systems.

Methods {#S9}
=======

General reagents, constructs, cell culture and protein expression {#S10}
-----------------------------------------------------------------

The majority of general chemicals used here for molecular biology, biochemistry and cell biology experiments were purchased from Sigma. Coding regions for different GPCRs described here were obtained from [cDNA.org](http://cdna.org/home.php?cat=0) and they were sub-cloned into standard pcDNA3.1 vector with N-terminal signal sequence and a FLAG tag. Purification of Fabs, ScFvs, βarr1 and 2, clathrin and ERK2 were carried out as described previously[@R19]. ScFv5-YFP sensor was generated by sub-cloning the ScFv5 coding region in a carboxyl-terminal YFP tag containing pCMV6 based vector for mammalian cell expression. In addition, ScFv5 was also sub-cloned in to pcDNA3.1 vector with carboxyl-terminal HA tag for mammalian cell line expression. Expression plasmids for β2 adaptin, JNK3, TRAF6 and Tfr1 were obtained from Addgene. All constructs were sequence verified (Macrogen) before transfection. DNA transfections were carried out using standard PEI based protocol.

Phage Display based selection of βarr Fabs {#S11}
------------------------------------------

Purified βarr targets were biotinylated using EZ Link Sulpho NHS S-S Biotin (Thermo Pierce), immobilized on Streptavidin Magnetic beads (Promega) and three rounds of screening were carried out as described earlier[@R27]. In the third round of selection, phages bound to the immobilized βarr targets were challenged with competitor (i.e. in βarr1 selections, bound phages were challenged with βarr2 while in βarr2 selections, bound phages were challenged with βarr1) to enrich target selective binders. Subsequently, 24 individual clones were tested by phage ELISA on immobilized βarr targets in 96 well MaxiSorp plates. ELISA positive Fab clones were sequenced and a set of unique clones were expressed and purified for further characterization following previously described protocol[@R27].

Co-immunoprecipitation experiments {#S12}
----------------------------------

In order to evaluate the interaction and selectivity of Fabs (and ScFvs) with βarrs, purified Fabs (1-2μg in 100μL) were incubated with purified βarr1 or 2 (1-2μg in 100μL) for 1h at room temperature (25°C) in binding buffer (20mM Hepes, pH7.4, 100mM NaCl). Subsequently, pre-washed protein L beads were added to the reaction, incubated for additional 1h at room temperature followed by extensive washing (3-5 times in binding buffer + 0.01% Maltose Neopentyl Glycol; MNG) and elution with SDS gel loading buffer. Interaction of Fabs/ScFvs with βarrs was visualized using either Western blotting or SimplyBlue staining of gels.

For mapping the ScFv5 binding interface on βarr2 ([Fig. 3d](#F3){ref-type="fig"}), a series of βarr2 truncation constructs harboring N-terminal GST tag were generated by PCR based cloning, expressed and purified using the same protocol as described earlier for the WT βarr. Equal molar concentration (1μM) of these constructs were incubated with purified ScFv5 (3-5μM) and their interaction was measured using Protein L beads based coimmunoprecipitation.

In order to validate the functionality of ScFv5 intrabody ([Fig. 3e](#F3){ref-type="fig"}), HA-tagged ScFv5 (in pcDNA3.1 vector) was expressed in HEK-293 cells using PEI based transient transfection. 48h post-transfection, cells were lysed by douncing and incubated with pre-washed HA beads (Sigma). After extensive washing, bound proteins were eluted by SDS gel loading buffer and visualized by Western blotting (βarr antibody -- CST -- cat. no. 4674, 1:5000; HA antibody --Santa Cruz, cat. no. sc-805, 1:5000).

For measuring the interaction of Fabs to βarrs in cell lysate ([Supplementary Fig. 4e](#SD3){ref-type="supplementary-material"}), HEK-293 cells expressing βarr1 or βarr2 were first lysed (20mM Hepes, pH7.4, 100mM NaCl, Protease inhibitor cocktail) by douncing and subsequently, the cell lysate was incubated with purified Fabs. After 1h incubation at room temperature with gentle mixing, pre-washed Protein L beads were added to the reaction and incubated further for 1h. Finally, the beads were washed 3-5 times with washing buffer as described above, and eluted proteins were visualized by Western blotting (βarr antibody -- CST cat. no. 4674, 1:5000; HRP-coupled Protein L -- Genscript cat. no. M00098, 1:2000).

In order to assess the effect of ScFv5 on binding of βarr2 to V~2~R ([Fig. 3g](#F3){ref-type="fig"}), *Sf*9 cells expressing V~2~R and GRK2 were stimulated with agonist (AVP, 1μM) or inverse agonist (Tolvaptan, 1μM) followed by lysis (20mM Hepes, pH 7.4, 100mM NaCl, Protease and Phosphatase inhibitor cocktail) using glass dounce. Subsequently, βarr2 pre-incubated with indicated ScFv was added to the cell lysate and allowed to bind the receptor for 1h. Freshly prepared DSP (Sigma) (1mM) was added to the reaction mixture and incubated for additional 30 min at room temperature to induce cross-linking of V~2~R-βarr2 complex. After quenching the reaction with 1M Tris, pH 8.0, pre-washed FLAG M1 antibody beads were added to the mixture and coimmunoprecipitation assay was performed as described above.

ELISA experiments for measuring Fab-βarr interaction {#S13}
----------------------------------------------------

For single point ELISA ([Supplementary Fig. 4a](#SD3){ref-type="supplementary-material"}), we first immobilized βarr1 and 2 (1μg in 100μl per well) on a 96 well MaxiSorp plate followed by blocking of potential non-specific binding sites using 1% BSA (Sigma). Subsequently, different Fabs were added (1μg in 100μl per well) to the plate and incubated for 1h at room temperature. Plates were extensively washed (20mM HEPES, pH 7.4, 100mM NaCl and 0.01% MNG) and then the interaction of Fabs with βarrs was visualized by using HRP-coupled Protein L (GenScript, cat. No. M00098, 1:2000 dilution) and TMB ELISA (GenScript). Colorimetric reaction was quenched by adding 1M H~2~SO~4~ and the absorbance was recorded in Victor 4X multimode plate reader (Perkin Elmer) at 450nm. Fab CTL is used as a negative control and it represents a Fab that does not recognize βarrs.

For dose response ELISA experiment ([Fig. 2d](#F2){ref-type="fig"}, [Fig.3b](#F3){ref-type="fig"} and [Supplementary Fig. 4b-d](#SD3){ref-type="supplementary-material"}), varying concentrations of βarrs were immobilized (as indicated in respective figures) followed by Fab/ScFv (1-2μM) addition and detection using HRP-coupled Protein L as described above.

Evaluating the effect of Fabs (and ScFvs) on βarr-Clathrin/ERK interaction {#S14}
--------------------------------------------------------------------------

For measuring the effect of Fabs (and ScFvs) on βarr interactions, purified clathrin or ERK2 (1-2μg in 100 μL) were immobilized on MaxiSorp ELISA plates followed by blocking of non-specific binding sites with BSA (1% in 200μL per well). Subsequently, biotinylated βarrs (1-3μg in 100μL) pre-incubated with respective Fabs (or ScFv) (varying concentrations as indicated in the figures) were added to individual wells and incubated for 1h at room temperature. After rigorous washing (20mM HEPES, pH 7.4, 100mM NaCl and 0.01% MNG), bound βarrs were visualized using HRP-coupled streptavidin (Genscript cat. no. M00098, 1:5000 dilution) and TMB ELISA (Genscript). Absorbance at 450nm was measured using a multimode plate reader and plotted using GraphPad Prism software. In these experiments, signal in the wells where βarrs were added without any pre-incubation with Fabs (or ScFvs) were used as a normalization reference (treated as 100%). For background correction (i.e. non-specific signal), parallel wells corresponding to every data point without any clathrin or ERK2 were used. As βarr-clathrin interaction is substantially higher in presence of V~2~Rpp while βarr-ERK2 interaction is about the same in presence or absence of V~2~Rpp, we have used V~2~Rpp-bound βarrs in these experiments measuring the effect of Fabs/ScFvs on βarr interactions.

For measuring the effect of Fabs (and ScFvs) on βarr interactions by coimmunoprecipitation ([Supplementary Fig. 1 and 2b](#SD3){ref-type="supplementary-material"}), purified GST-ERK2 (1-2μg) were first captured on pre-washed GS beads followed by addition of βarrs (pre-incubated with respective Fabs). After 1h incubation at room temperature, beads were washed extensively as described above and bound proteins were eluted using SDS gel loading buffer. Samples were resolved by SDS PAGE and visualized by Western blotting (βarr -- CST cat. no. 4674, 1:5000).

Confocal microscopy {#S15}
-------------------

In order to visualize the sub-cellular distribution of ScFv5 and its trafficking to the membrane ([Fig. 3f](#F3){ref-type="fig"} and [Supplementary Fig. 13](#SD3){ref-type="supplementary-material"}), we transfected 50-60 % confluent 10 cm plate of HEK-293 cells with Flag-V~2~R, ScFv5 with carboxyl-terminal HA tag and βarr2--mCherry plasmids in 1:1:1 DNA ratio in a total of 7μg DNA mixed with 21 μl polyethylenimine (PEI linear). After 24 hrs, transfected cells were seeded at 1 million cells/well into 6 well plates containing glass cover slips pre-coated with 0.01% poly-D-lysine (Sigma) for 10 mins at RT (room-temperature; 25°C). After another 24h, cells were serum starved for 2 h followed by stimulation with AVP (100 nM) and fixed with 4% formaldehyde (Sigma) diluted in PBS and permeabilized with 0.01% Triton X-100 (Sigma) in PBS for 15-20 min. Subsequently, cells were incubated with rabbit polyclonal anti-HA antibody (cat. no. sc-805 from Santa Cruz Biotechnology; 1:500 dilution) for 1h at RT. After several washes, cells were subsequently incubated with Alexa Fluor 488-conjugated anti-rabbit secondary antibody (A11008, 1:2000, Thermo Fisher Scientific, USA) in 1% BSA for 1h. Cells were subsequently washed three times with PBS followed by incubation with DAPI for nuclear staining (5μg/ml; Sigma) for 5 min at RT. After final washing with PBS, coverslips were mounted on to glass slides using VectaShield H-1,000 mounting medium (VectaShield), allowed to air dry for 15min and then used for confocal microscopy. For the live cell two-color experiments presented in [Supplementary Fig.6b and 8](#SD3){ref-type="supplementary-material"}, a carboxyl terminal YFP fusion construct of ScFv5 (referred to as ScFv5-YFP) was transfected instead of HA tagged ScFv5, and 24h post-transfection, cells were seeded into glass bottom confocal dishes (35 X 10 mm from SPL Lifesciences, South Korea). For the rest of the live cells confocal experiments presented in the manuscript ([Fig. 4b-c](#F4){ref-type="fig"}, [Supplementary Fig. 9-11 and 15](#SD3){ref-type="supplementary-material"}), cells were transfected with V~2~R, βarr2-mCherry and HA tagged ScFv5, and the localization of βarr2-mCherry was visualized. For confocal microscopy, we used the Zeiss LSM 710 NLO confocal microscope with oil-immersion 63X /1.40 NA objective housed in a CO~2~ enclosure with a temperature controlled platform and equipped with 32x array GaAsP descanned detector (Zeiss). We used a Multiline Argon laser for green channel (488 nm), a Diode Pump Solid State Laser for the red channel (561 nm) and a Ti:sapphire laser (Coherent) for DAPI channel. Laser intensity and pinhole settings were kept in the same range for parallel set of experiments and spectral overlap for any two channels was avoided by adjusting proper filter excitation regions and bandwidths. For live cell imaging, time lapsed images were acquired at 30-60 sec intervals and images were finally processed in ZEN lite (ZEN-blue/ZEN-black) software suite from ZEISS. For quantification of receptor endocytosis ([Supplementary Fig. 9-12 and 15](#SD3){ref-type="supplementary-material"}), images were captured at multiple Z-stacks to cover the entire depth of the cells, and puncta were counted in these different Z-stack images across several fields. Line-scan analysis ([Supplementary Fig. 13](#SD3){ref-type="supplementary-material"}) was done using ImageJ plot profile plug-in to measure fluorescence intensities across a drawn line. Graphs were plotted after intensities were normalized by subtracting background.

For measuring ligand-induced endocytosis of Tfr1 ([Supplementary Fig. 17](#SD3){ref-type="supplementary-material"}), HEK-293 cells expressing a recombinant human Tfr1 and ScFv (CTL or 5) were seeded on to poly-D-lysine coated glass-bottom confocal dishes as described above. 48h post-transfection, cells were serum starved (2h), washed with PBS and incubated on ice for 15 min. Subsequently, cells were incubated with DyLight 488-conjugated holo-transferrin (100μg/ml) for 30 min on ice (for ligand binding). Afterwards, cells were washed with ice-cold PBS and then incubated at 37°C for 30 min (to trigger Tfr1 internalization). Subsequently, cells were gently acid-washed (0.1 M glycine, 150 mM NaCl, pH 3) to remove remaining surface-bound holo-transferrin (i.e. non-internalized Tfr1) and then used for imaging. Confocal microscopy on these cells was performed essentially as described above (i.e. ScFv-CTL and ScFv5 cells were imaged under identical imaging conditions) by taking images at multiple Z-positions and analyzed in ZEN lite software suite. Puncta (representing internalized Tfr1) in approximately 100 cells taken from different fields of two independent transfections were counted manually as described above (from images captured at multiple Z-positions). In addition, the mean fluorescence intensity was assessed (as an alternative measure of Trf1 internalization) using the ROI manager plug-in of the ImageJ software in multi measure mode by selecting the entire cytoplasm as region of interest (ROI). Confocal microscopy experiments (CTL vs. ScFv5) were carried out in parallel, under near-identical conditions of transfection and imaging (i.e. transfections in parallel and imaging on the same day with similar microscopy settings). Confocal settings were maintained to near-identical levels even for the experimental replicates carried out on different days.

FACS (Fluorescence Activated Cell Sorting) {#S16}
------------------------------------------

For measuring Tfr1 endocytosis by FACS ([Supplementary Fig. 16](#SD3){ref-type="supplementary-material"}), HEK-293 cells expressing Tfr1 and ScFv (CTL or 5) were serum starved for 2h, washed with PBS and subsequently flushed in Tyrode's buffer. Cells were incubated with DyLight 488-conjugated holo-transferrin and washed as described above for confocal microscopy. Finally, the cells were resuspended in Tyrode's buffer containing 1% BSA and used for FACS analysis in a Sysmex Partec CyFlow space Flow Cytometer (Fl-1 channel). Identical acquisition settings were used for all samples in order to allow comparative analysis. Data analysis was performed by FloMax software suite (Partec GmbH, Germany) and the data were interpreted as histograms. Non-transfected cells (without incubation with holo-transferrin) were gated as negative signal to determine real signal form transferrin internalized cells. The relative positive percentage of internalized transferrin cells were calculated relative to the MFI of cells without internalization. Histograms include percentage of positive events (number beyond gate RN1) and levels of mean fluorescence intensity (MFI) of DyLight 488-conjugated transferrin internalization.

Agonist-induced endocytosis experiments {#S17}
---------------------------------------

HEK-293 cells were co-transfected with indicated receptor and ScFv plasmids each in a 10 cm plate. After 24 hrs, 0.15 × 10^6^ cells were seeded onto a 24 well plate pre-coated with 0.01% Poly-D-lysine (Sigma Aldrich). Cells were serum starved for 2 hrs in serum free media, 48 hrs post transfection. Stimulation was carried out using respective agonists (Genscript/Sigma/ApexBio) (concentrations are mentioned in the figure legends) for indicated time points followed by washing with ice cold 1XTBS twice. Cells were fixed using 4% paraformaldehyde for 20 mins on ice. Blocking was done using 1% BSA prepared in 1X TBS for 2 hrs. This was followed by incubation with anti-FLAG M2 antibody (Sigma, 1:2000 dilution) in TBS+1% BSA (w/v) for 2 hrs at room temperature. Subsequent washes were done with TBS+1% BSA (w/v). For measuring surface expression of receptors at specified time points, cells were incubated with 200 μl of 3,3',5,5'-tetramethylbenzidine (TMB) per well. Reaction was stopped by transferring 100 μl of this colored solution to a 96-well plate already containing 100 μl of 1M H~2~SO~4~. Absorbance was recorded at 450nm in a microplate reader (Victor X4). To account for the total cell density, cells were washed with TBS thrice and then incubated with 200 μl of 0.2% (w/v) Janus green for 10 min. Excess dye was removed by washing the cells with 1 ml of water thrice followed by addition of 800 µl of 0.5M HCL per well. Two hundred microliters of this colored solution was transferred in a 96-well plate and read at 595 nm in a multi-plate reader. The values were normalized by dividing A450 reading with A595 reading.

ERK MAP kinase assay {#S18}
--------------------

HEK-293 cells were co-transfected with indicated receptor and ScFv plasmids. After 24hrs of transfection, 1×10^6^ cells were seeded into a six well plate. Cells were serum starved for 4 hrs in serum free media, 48 hrs post-transfection. Subsequently, cells were stimulated with agonist for indicated time points (concentrations are mentioned in the respective figure legends). Following stimulation, cells were lysed using 2X SDS loading buffer, heated at 95°C for 15 mins and loaded onto 12% SDS-polyacrylamide gel electrophoresis. Subsequently, immunoblotting was performed using PVDF membrane (Biorad). The membrane was blocked using 5% BSA (SRL) for 1h. pERK1/2 were detected by immunoblotting with anti-pERK primary antibody (CST, catalog number 9101, 1:5000 dilution, overnight at 4°C) followed by incubation with anti-rabbit IgG secondary antibody (Genscript, catalog number A00098, 1:10000) for 1 h. The membrane was washed thrice with 1X TBST and developed using Promega ECL western blotting substrate (catalog number W1001) using a ChemiDoc system (Biorad). pERK1/2 was stripped using 1X stripping buffer and reprobed for tERK1/2 antibody (CST, catalog number 9102, 1:5000 dilution). Blots were quantified by densitometry with Image lab software (5.2.1) and data were analyzed by using GraphPad Prism software.

Data analysis {#S19}
-------------

Experiments were performed at least three times and data was plotted using GraphPad Prism software. Data was analyzed using appropriate statistical analysis as indicated in figure legends. Details of data normalization are also included in the figure legends.

Supplementary Material {#SM}
======================

Supplementary information is available in the online version of the paper.

The research program in our laboratory is supported by the Indian Institute of Technology Kanpur (IITK/BSBE/2014011), Department of Biotechnology; DBT (BT/08/IYBA/2014/03), Council of Scientific and Industrial Research; CSIR (37(1637)/14/EMR-II), and the Wellcome Trust DBT India Alliance (IA/I/14/1/501285). Dr Shukla is an Intermediate Fellow of the Wellcome Trust/DBT India Alliance (IA/I/14/1/501285). We thankfully acknowledge Linton Traub, Mark Scott, Thomas Pucadyil, Robin Shaw and Roger Davis for the plasmids encoding clathrin terminal domain, βarr2-mCherry, GST-β2 adaptin, hTfr1 (Addgene \#69610) and JNK3 (Addgene \#15748). We also acknowledge the help from Charu Gupta and Pragya Gupta in the early stages of this work, and Shubhi Pandey for helping in protein purification.

**Author Contributions**

EG designed, optimized and performed the endocytosis and ERK activation experiments with ScFv5 intrabody, cross-linking experiment with ScFv5 and assisted in ERK assays; AS performed ELISA based assessment of clathrin and ERK interaction with βarr, assisted in endocytosis and ERK assays; MB performed the confocal microscopy using ScFv5-YFP intrabody and assisted in sub-cloning and endocytosis experiments; PK carried out ELISA based selectivity test for βarr2 Fabs, carried out endocytosis and ERK assays for M~2~R and β~2~V~2~R together with MB; HD carried out the selectivity assays for Fabs by coIP together with AS, ELISA based selectivity assay for Fab5 and ScFv5, and mapping experiment for ScFv5; RR converted the Fabs into intrabodies for expression, assisted in sub-cloning of various constructs and endocytosis experiments; KN performed the initial phase of intrabody expression, functional validation and their effect on receptor endocytosis and ERK activation; SD and PNY assisted in the βarr knock-down; SSK, AK and SS provided the phage display libraries; AKS carried out the phage display screening, wrote the manuscript, and supervised the overall project design and execution. All authors approved the final draft of the manuscript.

**Data Availability Statement**

The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request.

**Competing Financial Interest**

The authors declare no competing financial interest.

![Allosteric modulation of βarr1-ERK2 interactions by Fab30.\
**a**, Schematic representation of βarr structure showing binding regions for different interaction partners. While clathrin and β2 adaptin have primary binding sites located in the carboxyl terminus of βarrs, JNK3 and ERK2 utilize both, the N- and the C-domain of βarrs. Binding of JNK3 to N-domain primarily requires the residues 1-25. The crystal structure of βarr1-clathrin has revealed a secondary binding site in the C-domain while IP6 has a high-affinity binding site in the C-domain and a low affinity binding site in the N-domain. These binding regions are indicated based on previously published biochemical mapping experiments. The three-dimensional structure shown in the right panel represents the active βarr1 crystal structure determined previously (PDB ID: 4JQI). **b**, Selectivity of Fab30 for V~2~Rpp-bound conformation of βarr1 as assessed by a coimmunoprecipitation (coIP) experiment in presence or absence of V~2~Rpp. The image represents coIP samples resolved by SDS-PAGE and visualized using SimplyBlue staining of the gel. **c**, Effect of Fab30 on the interaction between βarr1 and ERK2 (basal conformation i.e. non-phosphorylated) as assessed by ELISA. Purified ERK2 was immobilized on MaxiSorp ELISA plates and biotinylated βarr1 pre-incubated with varying dosage of either Fab30 or Fab-CTL (negative control) was added to the wells. After rigorous washing, βarr1-ERK2 interaction was detected using HRP-coupled streptavidin. **d**, Effect of Fab30 on the interaction of βarr1 and active ERK2 (phosphorylated) as assessed by ELISA. This experiment was performed in a similar fashion as described in panel c except that *in-vitro* phosphorylated ERK2 (pERK2) was used. **e**, Effect of Fab30 on the interaction of βarr1 with clathrin (terminal domain) and ERK2 as assessed by ELISA. Here, equal concentrations of purified clathrin and ERK2 were immobilized in parallel and their interactions with βarr1 were measured using the same protocol as described in panel c. In the experiments presented in panels c-e, we have used V~2~Rpp-bound βarr1 as binding of Fab30 to βarr1 requires V~2~Rpp. (*\*\*P*\<0.01; *\*\*\*P*\<.001, Two-Way ANOVA; comparison between Fab-CTL and Fab30 or Clathrin and ERK2).](emss-73780-f001){#F1}

![Selective modulation of βarr-clathrin/ERK2 interactions by βarr-targeting synthetic antibody fragments.\
**a**, Schematic representation of phage display based screening of Fabs against βarrs. Three different βarr targets (βarr1-V~2~Rpp-Fab30 complex, βarr1 and βarr2) were biotinylated and immobilized on magnetic streptavidin beads. Subsequently, immobilized βarr targets were incubated with a phage display library of antigen binding fragments (Fab) followed by extensive washing and elution of bound phages using DTT. Selected Fab clones were tested for target binding using single point phage ELISA followed by their expression and purification in *E. coli* for detailed characterization. **b**, The ability of Fab12, one of the Fabs selected on βarr1-V~2~Rpp-Fab30 complex, to selectively recognize V~2~Rpp-bound βarr1, and its effect on βarr1-ERK2/clathrin interactions in presence of V~2~Rpp. Similar to Fab30, Fab12 selectively recognized V~2~Rpp-bound βarr1 conformation as evaluated by coimmunoprecipitation assay. However, unlike Fab30, Fab12 potentiated both, βarr1-ERK2 and βarr1-clathrin interactions. **c**, The ability of Fab9, one of the Fabs selected against βarr1, to selectively recognize βarr1, and its effect on βarr1-ERK2/clathrin interactions in presence of V~2~Rpp. Fab9 selectively recognizes βarr1 over βarr2, and it selectively potentiated βarr1-ERK2 interaction but not βarr1-clathrin interaction. **d**, Selectivity of Fab5, one of the Fabs selected against βarr2, as measured by ELISA. Indicated concentrations of βarr1/2 were immobilized on ELISA plates followed by incubation with fixed concentration of Fab5. After rigorous washing, the interaction of Fab5-βarrs was visualized using HRP-coupled Protein L. **e**, Inhibition of βarr2-clathrin interaction by Fab5. Purified clathrin was immobilized on ELISA plates followed by incubation with V~2~Rpp-bound βarr2 pre-incubated with varying dosage of Fab5 or Fab-CTL. Subsequently, βarr2-clathrin interactions were detected using HRP-coupled streptavidin. Data are normalized with respect to no Fab condition as the reference (treated as 100%). **f**, Selective inhibition of βarr2-clathrin interaction by Fab5. Purified clathrin or ERK2/pERK2 were immobilized on ELISA plates followed by addition of V~2~Rpp-bound βarr2 pre-incubated with varying dosage of Fab5. Subsequently, the βarr2-clathrin/ERK2/pERK2 interactions were detected using HRP-coupled streptavidin. Data in panels b, c, e and f are normalized with respect to no-Fab pre-incubation condition (i.e. βarr-clathrin/ERK2 interaction without any Fab) as the reference (treated as 100%), and represent an average ± SEM of three independent experiments each carried out in duplicate. Data in panel d is normalized with signal at maximum βarr2 condition (treated as 100%), and represent average ± SEM of three independent experiments each carried out in duplicate. *\*\*P*\<0.01; *\*\*\*P*\<0.001, Two-Way ANOVA (comparison between Clathrin and ERK2 or Fab-CTL and Fab5).](emss-73780-f002){#F2}

![Characterization of βarr2-ScFv5 interaction and functional validation of ScFv5 intrabody.\
**a**, ScFv version of Fab 5, referred to as ScFv5, maintains selectivity for βarr2 as assessed by a coIP assay. Purified ScFv5 was mixed with equal concentrations of purified βarr1/2 followed by coIP using Protein L beads and detection by Simply Blue staining. **b**, Selective recognition of βarr2 by ScFv5 over βarr1 as assessed by ELISA. The experiment was performed the same way as in panel d of [Fig. 2](#F2){ref-type="fig"} except that ScFv5 was used instead of Fab5. Data represent two independent experiments each performed in duplicate and normalized as indicated in panel d of [Fig. 2](#F2){ref-type="fig"}. **c**, Similar to Fab5, ScFv5 also selectively inhibits βarr2-clathrin interaction but not βarr2-ERK interaction. This experiment was carried out following the same protocol as described in panel f of [Fig. 2](#F2){ref-type="fig"}. *\*\*\*P*\<0.001, Two-Way ANOVA; comparison between clathrin and ERK2). **d**, ScFv5 requires the carboxyl terminus and the N-domain of βarr2 for binding. Equal concentrations of purified βarr2 truncated proteins (N-terminal GST) as indicated in the figure were incubated with a fixed concentration of ScFv5. The interaction of ScFv5 and truncated βarr2 were measured by coIP using Protein L beads and normalized with respect to WT βarr2 (i.e. βarr2^1-420^) (treated as 100%). The experiment was performed three times and the data represent average±SEM. **e**, Functionality of ScFv5 as intrabody measured by its ability to coimmunoprecipitate endogenous βarr2. HEK-293 cells expressing HA-tagged ScFv5 were lysed and used for coIP using HA beads followed by detection using Western blotting. **f**, ScFv5 as an intrabody does not interfere with agonist-induced βarr2 recruitment to the human vasopressin receptor (V~2~R). HEK-293 cells expressing V~2~R, βarr2-mCherry and HA-tagged ScFv5 were stimulated with agonist (AVP, 100nM) for 5 min, and the localization of βarr2-mCherry and ScFv5 were assessed by confocal microscopy. ScFv5 was recruited to the membrane and colocalized with βarr2-mCherry. DAPI is used for nuclear staining and the scale bar is 10μm. **g**, Pre-incubation of βarr2 with ScFv5 does not affect its interaction with V~2~R as measured by coimmunoprecipitation assay. *Sf*9 cells expressing FLAG-V~2~R were stimulated with either Tolvaptan (Tol; inverse agonist) or Vasopressin (AVP; agonist) and βarr2 pre-incubated with ScFv5 or ScFv-CTL was added to the cell lysate. Subsequently, the mixture was cross-linked using DSP and the receptor was immunoprecipitated using FLAG M1 beads. The interaction of V~2~R-βarr2 was visualized by Western blotting.](emss-73780-f003){#F3}

![Selective inhibition of V~2~R endocytosis by ScFv5 intrabody.\
**a**, Inhibition of agonist-induced V~2~R internalization by ScFv5 intrabody. HEK-293 cells expressing V~2~R and either ScFv5 intrabody or a control intrabody were stimulated with 100nM AVP for indicated time points and subsequently used for measuring receptor internalization. Signal intensity at 0 min time point is used as a normalization reference (treated as 100%). Data represents average ± SEM of seven independent experiments each performed in duplicate. *\*P*\<0.05;*\*\*P*\<0.01; *\*\*\*P*\<0.001, Two-Way ANOVA; comparison between ScFv-CTL and ScFv5. **b** and **c**, Inhibition of agonist-induced V~2~R internalization by ScFv5 intrabody assessed by confocal microscopy. HEK-293 cells expressing V~2~R, βarr2-mCherry and either ScFv5 intrabody or a control intrabody were stimulated with 100nM AVP for indicated time points and subsequently used for confocal microscopy. Cells harboring ScFv5 intrabody displayed membrane localization of βarr2-mcherry even after 30 min post-stimulation suggesting lack of internalization. Control cells on the other hand exhibited robust internalization of V~2~R as evident by the accumulation of endocytosis vesicles in the cytoplasm. Scale bar is 10μm. These experiments (CTL vs. ScFv5) were carried out in parallel under near-identical conditions of transfection and imaging. **d**, ScFv5 intrabody does not affect agonist-induced ERK activation downstream of V~2~R at both, early and **e**, late time points. HEK-293 cells expressing V~2~R and either ScFv5 or ScFv-CTL were stimulated with 100nM AVP for indicated time points and subsequently, cell lysates were used for visualizing ERK phosphorylation. Images in panel d and e are representative of three and seven independent experiments respectively. Graphs show densitometry based quantification of the data normalized with respect to the signal at 5 min (panel d) and 15 min (panel e) in the ScFv-CTL samples (treated as 100%), respectively. ns, non-significant; Two-Way ANOVA.](emss-73780-f004){#F4}

![Generality of ScFv5 as an inhibitor of GPCR endocytosis.\
Inhibition of agonist-induced internalization of **a,** the human β2 adrenergic receptor; β~2~AR, **b,** the human muscarinic receptor subtype 2; M~2~R, **c,** the human dopamine receptor subtype 1; D~1~R, **d,** the human dopamine receptor subtype 2; D~2~R, **e,** the human dopamine receptor subtype 2; D~3~R, **f,** the human dopamine receptor subtype 4; D~4~R, **g,** the human μ-opioid receptor; μOR and **h,** a chimeric β~2~AR harboring the carboxyl terminus of V~2~R, referred to as β~2~V~2~R by ScFv5 intrabody. Panels below the internalization plots represent agonist-induced ERK activation from the corresponding receptors. For these experiments, HEK-293 cells were transfected with the indicated receptor and ScFv5 (or a control ScFv) and 48h post-transfection; cells were stimulated with respective agonists for indicated time points to measure receptor internalization (using whole cell ELISA assay) or ERK phosphorylation (Western blotting). For plotting agonist-induced internalization, the signal intensity at 0 min time point is considered 100% and used as a normalization reference. Data represents average ± SEM of 4-7 independent experiments, each performed in duplicate and analyzed using Two-Way ANOVA with Bonferroni post-test (*\*P*\<0.05; *\*\*P*\<.01; *\*\*\*P*\<0.001). The agonists used here are isoproterenol (10μM for β~2~AR and β~2~V~2~R), carbachol (10μM for M~2~R), dopamine (20μM for D~1~R, D~2~R, D~3~R and D~4~R), DAMGO (10μM for μOR). **i,** A schematic diagram comparing the notion of ERK signalosome formation as a prerequisite for βarr-dependent ERK activation, and the paradigm presented here suggesting that ERK activation can occur even in the absence of GPCR endocytosis.](emss-73780-f005){#F5}
